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FOREWORD 

This study was initiated to determine the feasibility of predicting 

wake profiles behind buildings and natural obstacles using a scaled 

model in a wind tunnel. The wind tunnel approach is preferable 

because of economy of time and money, simplicity and convenience. This 

is the second report of a continuing program sponsored by the Fluid 

Dynamics Branch, Atmospheric Sciences Division of the Space Sciences 

Laboratory at the George C. Marshall Space Flight Center, National 

Aeronautics and Space Administration, Huntsville, Alabama. 

This research was conducted under the technical direction of 

Mr. Dennis W. Camp and Mrs. Margaret Alexander of the Space Sciences 

Laboratory at Marshall Space Flight Center. The support for this 

research was provided by Mr. John Enders of the Aeronautical Operating 

Systems Division, Office of Advanced Research and Technology, NASA 

Headquarters. 
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NOMENCLATURE 

A,B Constants in Equation (9) 

D Tube diameter (inside) 

H Height of roughness element (obstacle) 

k 

MOM 

von Karman constant 

Momentum flow per unit width 

n Power law exponent 

R Tube radius (i.nside) 

S Spacing between roughness elements (obstacles) 

Tl,TZ,T3,T4,T5,T6 meteorological towers Nos. 1,2,3,4,5,6 

U* Friction velocity for fully-developed flow 

U’ RMS value of longitudinal fluctuations 

iif Axial component of Reynold shear stress 

U Axial component of mean velocity 

uC 
Mean velocity at pipe centerline 

uO 
Mean velocity at pipe centerline upstream of first 
element 

'r horizontal component of air velocity far upstream 
of building (Tl) at z/H = 6.5 

UC3 geostrophic or free stream wind velocity 

AU velocity deficit based on upstream velocity 

V’ RMS value of radial fluctuations 
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W 

W’ 

X 

Y 

z 

Z 
0 

6 

&i 

.Width of roughness element 

RMS value of circumferential fluctuations 

Axial coordinate measured from downstream side 
of element 

Wall distance measured from tube wall 

elevation above ground (or wall distance y) 

roughness length 

model or prototype boundary layer thickness 

Internal boundary layer thickness 

. L. 
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CHAPTER 1 

INTRODUCTION 

The motivation for the work described in this report derives 

from the need to understand the wind environment around air terminals. 

Ascent or descent of aircraft through the atmospheric boundary layer 

is accompanied by changes in lift associated with changes in wind 

speed with altitude. The acceleration produced by the brief action 

of unbalanced forces results in deviations from the original flight 

path for descending flight. The above effect is enhanced by induced 

flows produced by buildings or natural obstacles in the vicinity of 

airports. The effect of these surface obstacles on the aerospace 

environment around airports has been reviewed recently by Fichtl, 

et al. [l]. Shear layers , or wakes, produced downwind of surface 

obstacles can prove hazardous to aircraft, especially those of the 

V/STOL type, because of the high rate of change of wind speed with 

altitude in the layer. Clearly research is needed to determine the 

locations of these regions of induced flows in the wakes of surface 

obstacles and their effects on aeronautical systems. 

Sources of hazardous low-level wind conditions around airports 

have been discussed by Fichtl, Camp and Frost (1977). Wakes from 

bluff bodies, such as buildings , are among the sources mentioned. 

This is especially true of STOL vehicles landing or taking off over 

buildings, fences or other obstacles. Research which can predict 



the extent and severity of wind speed change is currently needed‘. 

Experimental work undertaken at NASA Marshall Space Flight 

Center has been reported by Frost and Shahabi (1977) and by Frost, 

et al. (1977). This work involved the use of instrumented wind 

towers to study the wake of a simulated block building 3.2-m high 

by 26.8-m long under field conditions. Figure 1 shows the arrange- 

ment of towers used in this study. Data of principal interest were 

taken when the wind direction was from towers Tl to T6. Mean hori- 

zontal and turbulence profiles were determined from readings of 

anemometers located at heights z of 3, 6.2, 12 and 20.88 m above the 

ground. 

The velocity and turbulence profiles measured in the field have 

been compared with wind tunnel profiles in the wake of a l/50-scale 

model of the 3.2 x 2.4 x 26.8-m building depicted in Fig. 1. The 

results of the model study were reported by Woo, Peterka and Cermak 

(1977), and a preliminary comparison of data was presented by Logan 

and Camp (1978). 

A comparison of typical field (Run No. 8504) and wind tunnel 

profiles from the above studies is shown in Fig. 2. If the velocity 

profiles are represented by the power law 

k = (.$” (1) 

then the exponent n corresponding to the upstream profile has a value 

of 0.26 for the field data and 0.27 for the wind tunnel data. Although 

2 
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Fig. 1 Tower ArrangeTent in Field Study (Frost, et al., 1977) 
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the profiles for model and prototype are very similar upstream of the 

obstacle, their downstream profiles are quite different. The model 

wake profile shows a retardation , or momentum loss, while the proto- 

type wake profile indicates an acceleration, or momentum gain. A 

difference in power law exponent n is also noted; the model wake has 

a value near its original value, while the prototype wake has an 

exponent of 0.148, a much lower value. 

The momentum gain indicated in Fig. 2 has been quantified for 

several runs and the momentum flow (MOM) for each station is listed in 

Table 1. The quantity MOM is defined as 

(2) 

In every case the field data show an increase in momentum, e.g., 

there is a 59% increase for Run No. 8504. In contrast, the wind tunnel 

profile shows an 18% decrease of momentum at approximately the same 

downstream station (x/H = 40, H = height of model or building). This 

is the expected result for flow over an obstacle; thus a rational 

explanation of the momentum rise must be sought. 

In view of the preceding data , coupled with the fact that rough- 

ness length z. calculated from the logarithmic relation, 

z. = * 
U 

(3) 

is unreasonably high at station Tl, Logan and Camp (1978) hypothesized 
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TABLE 1, MOMENTUM INTEGRAL EVALUATION 

(UNITS ARE M~/s*) 

RUN No.- MOM AT U 
8501 554 

8502 660 919 39 

8503 650 XI07 55 

8504 629 998 59 

8512 421 617 47 

8407 334 428 28 

8408 288 410 42 

AT T6 

916 65 



that the wind profile at Tl is a non-equilibrium profile, whereas the 

upstream wind tunnel profile is an equilibrium profile. The building 

wake profile shown in Fig. 2 corresponds to a roughness length z. 

of 0.0107 m, which is a reasonable value for the terrain at the site 

of the experiments. The change in profile from Tl to T6 may then be 

an adjustment from a non-equilibrium, or disturbed condition, to a 

near-equilibrium condition at T6. It is suggested that such a non- 

equilibrium state could have been created by obstacles upwind of the 

building, viz., trees, fences, bushes, etc., as could be inferred 

from Fig. 1. To test this hypothesis qualitatively an experiment 

was conducted in an existing operating facilty--a pipe flow apparatus. 
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CHAPTER 2 

FLOW FACILITY 

Figure 3 shows the apparatus used for the current experiments 

involving a disturbed boundary layer which encounters an obstacle. - 

An air flow is created in a 3.97-inch (100.8 mm) diameter aluminum 

pipe at a Reynolds number, defined as centerline velocity UC times 

pipe diameter over air kinematic viscosity, of 50,000. The pipe 

is of sufficient length to produce a fully developed equilibrium 

flow which is then disturbed by a ring-type roughness element located 

in a 4-inch diameter, plastic tube connected to the end of the 

aluminum pipe. As shown in Fig. 4,a second roughness element is 

installed a distance S downstream of the first and serves to simulate 

the building in a disturbed boundary layer. Wake profiles are 

measured at several stations a distance x from the rear side of the 

second roughness e lement. Each element is rectangular in cross sect 

having a width w = 0.1574 inches (5.0 mn) and a height H = 0.2098 

inches (5.33 mm). The spacing S between the elements is varied, so 

that the dimensionless ratio S/H has values of 30, 60, 120 and 240, 

which ensures wide variation of the power law exponent of the dis- 

turbed profile just upstream of the second element. 

ion 

The constant-temperature hot-wire anemometer was used to deter- 

mine mean and fluctuating velocities. Probes were held in the 

traversing device and moved longitudinally and radially to the desired 
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Fig. 3 Pipe Flow Facility 
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dimensionless wall distance y/R and downstream distance x/H. The 

normal wire probes (DISA 55Pll) were calibrated with a standard 

0.065-inch (1.65 mm) diameter pitot tube. Preliminary measurements 

of fully developed profiles were compared with those of Laufer (1954) 

and found to be in good agreement. The wall shear stress, determined 

from static pressure drop, was compared with the extrapolated value 

of Reynolds shear stress, determined from slant wire measurements, 

and found to be in good agreement. The measured shear stress distri- 

bution was linear with a value of zero at the centerline. The above 

procedures served as a check on the reliability of the data procured 

from the experimental facility and presented in the following sections. 
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CHAPTER 3 

OBSTACLE IN AN EQUILIBRIUM LAYER 

Measurements of mean velocity U have been taken upstream of a 

single roughness element at stations x/H = -12, -10, -8, -6, -4, -2, 

-1.5 and -1, where x is longitudinal distance measured from the 

downstream edge of the element with a positive sign indicating the 

flow direction. The measurements show a decrease in velocity near 

the wall as the obstacle is approached, accompanied by an acceleration 

in the region farther from the wall. Figure 5 shows this effect at 

x/H = -8, the approximate non-dimensional location of Tower Tl in 

Fig. 1. The velocity U is non-dimensionalired with the centerline 

velocity U, for the fully developed profile, and the distance z from 

the pipe.wall is non-dimensionalized with the element height H. The 

retardation'at z/H = 0.4 amounts to 6% of the upstream value. This is 

in qualitative agreement with the field measurements of Rider (1952) 

which indicate a 5% retardation upwind of a hedge at the same values 

of z/H and x/H. Rider's data indicate zero retaration at about z/H = 

2.6 and x/H = -8, and,the data of Fig. 5 show zero retardation at 

roughly the same position. At higher elevations the streamlines are 

forced together,and acceleration of air around the obstacle results. 

The latter effect will be greatest just above the roughness element 

but will diminish with increasing downstream distance x. However, the 

predominant downstream effect must be a retardation characterized by 

12 
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a velocity or momentum deficit proportional to the drag force on the 

roughness element. 

The velocity profiles in the wake of the single element at 

stations x/H = 5, 16.4 and 40 are shown in Fig. 6. Using the up- 

stream profile at x/H = -8 for comparison, it is seen that a strong 

deceleration occurs at x/H = 5 and that the affected region grows 

in the direction away from the wall , as indicated by profiles at 

x/H = 16.4 and 40. The momentum flow can be quantified by re- 

defining the integral MOM as 

9.533 
MOM = 

/ 
cU/Uo)2 d(r/Hj2 

r/H 

(4) 

where the lower limit is r/H at any z/H and the upper limit is 

r/H at z/H = 0 and r denotes the radial coordinate. If the lower 

limit is set at an r/H value corresponding to z/H = 2.3, then MOM = 

17.6 at x/H = -8, 11.7 at x/H = 5, 12.6 at x/H = 16.4 and 15.7 at 

x/H = 40. Thus the value of MOM taken between any limits tends to 

return to the upstream equilibrium value. If the upstream values of 

MOM are based on a non-equil ibri urn profile, such as those to be 

presented in the next section, then MOM will not tend to return to 

them but, instead,to the values of MOM found far upstream in 

an equilibrium layer. 

14 
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CHAPTER 4 

OBSTACLE IN A DISTURBED LAYER 

Figure 7 shows the results of four spacings used in the experi- 

ments. The solid circles indicate the upstream velocity profile for 

the spacing s/H = 30. This spacing gives a profile at x/H = -8 with 

respect to the second element (or x/H = 22 with respect to the first 

element), which has a power law exponent n = 0.381. Wider spacings 

of 60, 120 and 240 result in exponents of 0.23, 0.144 and 0.144, 

respectively, for the upstream profile. Apparent values of zo/H, 

determined from (3), are 0.1466, 0.0272, 0.0019 and 0.0037 for s/H = 

30, 60, 120 and m, respectively. 

The upstream profiles produced at the four distances downstream 

of the ‘first obstacle are shown in contrast to the fully developed, 

or equilibrium, profile (dashed line). The wake profiles behind the 

second element must eventually return to the form indicated by the 

dashed line in Figure 7. Thus for each upstream profile a velocity 

deficit exists up to some z/H level. As may be observed in Fig. 7, 

there must be a velocity excess in the core region of the pipe flow, 

so that mass is conserved; i.e., 

/ 

9.533 
(U/Uo) d(r/H)2 = constant. (5) 

0 

The integral in (5) was evaluated numerically,and the ratio 

UC/U0 for each x/H station was corrected slightly to assure constancy 

16 
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of mass flow in the profiles of Figure 7 (Uc denotes local centerline 

velocity; U, denotes centerline velocity for fully developed flow). 

Equation (4) was then applied to evaluate numerically the momentum 

flow upstream from the data of Figure 7 as well as downstream for 

similar profiles at stations x/H = 4.88, 16.44 and 35. The difference 

in momentum AMOM, defined by the difference 

AMOM = MOM (x/H) - MOM (x/H = -8), (6) 

was calculated and plotted in Figure 8. The curves in this figure 

show AMOM for the single element with an equilibrium upstream layer 

for integration from the wall to z/H = 1.2 (upper curve) and z/H = 2.3 

(lower curve). The effect on the non-equilibrium upstream layers is 

shown by means of the circular, triangular and square points. The 

data of Fig. 8 show that the AMOM curves shift upward as the power 

law exponent n of the upstream profile is increased. This relation- 

ship is crudely approximated for the case of the z/H = 1.1 data of 

Figure 8 by 

AMoM 1.1 
I 

= 0.48 (x/H)OS7 - 8.5 + 10n . 

Equation (7) predicts qualitatively the upward shifting of the points 

in Figure 8 with a higher n (or lower s/H). Clearly ATOM will achieve 

ler values of x/H for higher va lues of n; e.g., 

through the open circles would have positive 

positive values at smal 

beyond x/H = 22 a curve 

values of AMOM. 
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The curve for the parameter r/H (or z/H), which is the limit 

on the integral MOM, asymptotically approaches a fixed, or limiting, 

value AMOMLIM given by 

AMOMLTM = MOM(m) - MOM&8) (8) 

i.e., the value of MOM for the fully developed flow minus MOM upstream 

at x/H = -8. Some limiting values are tabulated in Table 2. Quanti- 

ties in parentheses express AMOM as a percentage of the upstream value 

0 f MOM . 

As z/H is increased,AMOMLIM is increased and then decreased. The 

decrease is associated with the excess of momentum found in the core 

region (z/H > 3) upstream of the obstacle,as depicted in Figure 7. 

The latter effect is much larger in pipe flow than in the unconfined 

flow reported in the field studies and should not be considered in 

making comparisons. Little effect is observed for S/H = 120, 240 

and a, since the power law exponents of profiles at these stations, 

viz., 0.144, 0.144, and 0.156, respectively, are very close to the 

value of n for fully developed flow, viz., 0.159. On the other hand, 

a significant rise in MOM is observed for spacings of S/H = 30 and 

60 in the wall region of the pipe flow. 

The data presented in Figures 7 and 8 and Table 2 demonstrate 

the effect observed in the field, viz., an apparent increase in 

momentum flow (MOM) as determined by integration over the lower part 

of the layer. The percent increase of MOM observed in the wall 

region (z/H < 3) of the pipe flow (Table 2) is in qualitative 

agreement with those calculated from the field data (Table 1). 

20 



TABLE 2 

LIMITING VALUES OF MOMENTUM FLOW DIFFERENCE 

(AMOMLIM) 

UPPER 
L;lft' 

s/H 

30 60 120 240 co 

la1 2,6(61) ,9(15) -OA2> -0,1(l) 0,2(4> 

2,3 4,9(38) 2,2(14) 0,1(l) -0,5(2> 0,3(2) 

3,3 4,2(15) 3,1(U) 0,6(2) -0,4(l) 0,4(l) 

4,7 2,3(6) 2,8(8> 0,8(2> -0,2(l) 0,5(l) 

5,7 0,5(l) 1,9(4) 0.,8(2) -0JLl) 0,4(1> 
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CHAPTER 5 

TURBULENCE 

The rms of the longitudinal component u' of the turbulence 

was measured at stations ahead of and behind the second roughness 

element. Upstream profiles of u', non-dimensionalized with the 

friction velocity u* , are depicted in Fig. 9 for each roughness 

element spacing. The fully developed profile is shown as a dashed 

curve. All of the non-equilibrium profiles must approach the 

equilibrium (dashed curve) profile as x/H is increased. 

The variation of u'/u* with x/H is shown in Table 3 for two 

values of z/H. In this table the quantities in parentheses are ratios 

of downstream to upstream turbulence. The influence of the form of 

the upstream profile, i.e., the power law exponent, is clearly seen 

from the tabulated data. As n increases, i.e., as s/H decreases, 

the relative turbulence level at a given station decreases. Table 3 

shows that the magnitude of the rise in turbulence at x/H = 4.88 

is related more to the turbulence level at x/H = -8 than to the 

level at x/H = 4.88. Thus the upstream turbulence energy is related 

to the profile shape; e.g., it is considerably greater for s/H = 30 

(n = 0.381) than for s/H = 60 (n = 0.23), which means that the percen- 

tage rise in turbulence intensity is smaller for s/H = 30 than for 

s/H = 60. This result is in qualitative agreement with the observa- 

tion made by Logan and Camp (1978) that a much smaller relative turbu- 
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TABLE -3 

TURBULENCE IN WAKE W/u*) 

x/H 

Z/H S/H -8 4888 16,411 35 

1,l 

1.1 

1,l 

1,l 

2.3, 

2.3 

283 

2,3 

30 

60 

120 

30 

60 

I20 
co 

3s5 5,55(1,76> 

2836 5,75(2,.44> 

1199 5,59(2,81) 

1,81 5J2C2.83) 

3835 3,39(1,01) 

2,52 2,54(1,01) 

2,Ol 2,09(1,04) 

la64 2,21(1,34> 

4,13u,31> 

4,25(1,80) 

4,10(2,06) 

4,02(2,22) 

4,41(1,32) 

4,25(1,69) 

3,90(1,94) 

3,43(2,09) 

2,99(0,95) 

2,99(1,27) 

2,87(1,44) 

2,95(1,63) 

3,39(1,01) 

3,31(1,31> 

3 10 7(5,53) 

3,07(1,87) 
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lence excess occurred in the prototype (non-equilibrium) wake than 

occurred in the model (equilibrium) wake. It should be noted that the 

data of Table 3 indicate a very slow return to an equilibrium profile; 

e.g., at x/H = 35, s/H = 30, the turbulence level is approximately 

that at x/H = -8,which is roughly double the equilibrium value. The 

rate of decay of turbulence level does not appear to be's strong 

function of n. 
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CHAPTER 6 

SMOOTH-ROUGH TRANSITION 

The present measurements can be interpreted as a study of the 

first stage in the adjustment of a smooth-wall pipe flow to repeated- 

rib roughness elements. The smooth-rough transition has been studied 

by Siuru and Logan (1977), and the response of the flow to a single 

ring-type element was investigated by Phataraphruk and Logan (1978, 

1979). The single element produces an internal boundary layer which 

grows as in the repeated-roughness geometry but is accompanied by a 

rise and fall of mean velocity deficit and turbulence intensity excess 

with respect to fully developed, smooth-wall values. The present 

work extends the above-mentioned research to include the effect of an 

upstream element on the wake of a second element. For artificially 

roughened pipes, the flow situation reported for the second element 

is somewhat similar to that for all widely spaced roughness elements 

downstream of the first; i.e., the flow approaching a given element 

has been disturbed by the element just upstream. The present results 

would not be relevant to closely spaced elements for which reattach- 

ment does not occur. 

Typical mean velocity profiles are shown in Figs. 10 and 11. 

In these figures the wall distance is plotted on a logarithmic scale 

and non-dimensionalized with the inside radius of the plastic tube. 

Mean velocity is non-dimensionalized with its centerline value. The 

same scale of U/UC applies to all profiles when its zero point is 
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aligned with the zero marked on the horizontal axis. The downstream 

distance x is measured from the rear face of the second element. 

The profiles of Figs. 10 and 11 show bends, which have been 

called "knees," below which the fluid has been retarded by the 

obstacle. Further downstream it is noted that the knee has moved 

further from the wall, and the velocity gradient has been reduced 

below that observed closer to the element. Qualitatively the wakes 

are similar for different spacings; however, some differences are 

noted. If the rates of growth of the affected regions are compared by 

plotting the thickness 6i of the internal boundary layer below the 

knees against the downstream distance x, the data are correlated 

approximately by 

'i - = A Log,[y] R (9) 

where A and B are tabulated in Table 4. 

Table 4. 

S/H 00 

A 0.224 
B 2.924 

Coefficients for Equation (9) 

240 120 60 30 

0.212 0.191 0.176 0.165 
2.216 1.369 0.843 0.580 

Clearly the rate of growth of 6i depends on the spacing of the two 

roughness elements, and it decreases with decreased spacing in 

proportion to the value of the coefficient A. The effect of the 

coefficient B, however, is such as to cause 6i to be larger initially 

for all second elements, and 6i is increased by decreasing S/H. 
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Equation (1) shows that 6i = R at X/H = 250 for all spacings; i.e., 

plots of (1) converge at X/H = 250. 

It is expected that the presence of the second element will affect 

the wake profiles of the first between the two elements, especially 

very close to the second. This deviation is shown in Fig. 12. In 

this figure the curves depict the longitudinal distribution of mean 

velocity in the wake of the single element at constant wall distance. 

The wall distance corresponding to the crest of the roughness element is 

Y/R = 0.1049. The upstream points , as designated in the legend, refer 

to mean velocities between the tuo elements with the spacing S/H = 30, 

and at the X/H location measured from the upstream element. Thus 

"upstream" refers to the second element, but X/H refers to the first. 

On the other hand, the points designated as "downstream" are measured 

downstream of the second element. Thus, the figure shows the effect 

of the second element on the wake of the first and of the first 

element on the wake of the second. 

The curves of Fig. 12 provide a picture of the velocity variation 

at several levels in the wake of a single element. The abrupt rise in 

velocity at the level nearest the wall indicates that the reattachment 

point is near X/H = 9. This agrees with the value determined from 

the distribution of the local skin friction coefficient. Velocities 

at y/R = 0.068 between two elements are fairly well predicted by the 

single element curve. Further from the wall, however, the velocities 

are higher between elements than behind a single element. Apparently 

retardation very near the wall between the two elements, resulting 

from blockage by the second element, is accompanied by higher core 
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velocities. The abrupt decrease in velocity observed near X/H = 30 

for y/R = 0.068 and 0.118 is accompanied by a sudden rise in velocity 

at X/H = 30 at Y/R = 0.144 and higher levels. The latter departure 

from single-wake behavior shows that the single-element data could 

not be applied between elements too near to the second element. 

Mean velocities downstream of the second element approach the 

single-element values after twenty or thirty element heights, and 

agreement is better further downstream. Close to the wall it is 

observed that velocities are much higher than single-element values. 

Agreement is better away from the wall, e.g., y/R = 0.345, but real 

merging qf the one-element and two-element profiles occurs downstream 

of X/H = 35. 

Velocity profiles for all spacings compare well with single- 

element wake profiles at X/H = 100, but complete merging occurs even 

further downstream. Wider spacing of elements than S/H = 30 results 

in better agreement with single-element wake profiles. However, 

complete agreement is not possible in the range of spacing used, since 

recovery of a fully developed flow condition does not occur for X/H < 

240; as is seen in Fig. 7. Turbulence profiles are probably better 

indicators of the fully developed condition, or of departures from it. 

They will be presented next. 

The turbulence, as well as the mean velocity, is affected by the 

first element. Figure 10 shows a comparison of longitudinal turbulence 

profiles as 15 element heights upstream of the second element for the 

five spacings considered. For S/H = 240 the upstream profile is at 
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X/H = 225 with respect to the first element. Comparison of it with 

the profile for the single element (S/H = -) indicates that even 

this upstream profile is slightly disturbed, although the fully 

developed distribution is approximated near the wall, i.e., y/R < 0.3. 

On the other hand, the disturbance has not reached the core region, 

y/R > 0.5, of the profile for the S/H = 30 spacing. Thus a wide 

variety of disturbed profiles are shown in this figure. 

The response of the flow to the varied upstream conditions is 

also presented in Fig. 13 at 20 element heights downstream of the 

second element. Here it is observed that a merging of the profiles 

occurs for y/R < 0.2, although the turbulence is far from being in, 

a fully developed, or equilibrium, state. The merging of profiles 

noted here progresses to y/R = 0.24 at X/H = 40 and to y/R = 0.5 at 

X/H = 100. The approximate locus of the merged points at X/H = 100 

is shown in Fig. 13 as a dashed line. However, the dashed line does 

not approximate the fully developed profile shown at the left of Fig. 

13. Thus the recovery is very slow indeed, even near the wall. 

The influence of the downstream element on the turbulence is 

shown in Fig. 14. The open circles show normal turbulence decay 

behind a single element. The closed circles show the i.nfluence 

of the second element for the spacing S/H = 30. The turbulence level 

is reduced between the elements but rises to a slightly higher maximum 

behind the second element. Rates of decay of u' appear to be 

approximately the same for the single element, i.e., between the 

elements and behind the second element. The suppression of turbulence 
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between the elements may be associated with the higher core velocities 

noted in Fig. 12. This would require lower production of turbulence 

at the element height. The situation appears to be reversed in the 

wake of the second element, where core velocities are lower, necessita- 

ting higher wall velocities with a concomitant increase of turbulence. 

The curves of Fig. 15 show the distribution of longitudinal 

turbulence for the single-element wake at constant wall distance. 

The curves are observed to begin to rise significantly at the value 

of X/H corresponding to y = 6i, and these rise "points" can be 

predicted from (9). The maximum values of u' are achieved at y c 6i, 

but at a value of y still within the high velocity gradient portion 

of the flow, as may be verified by comparing the curve for y/R = 

0.144 with the profiles of Fig. 10. All the curves of Fig. 15 merge 

at the right, forming virtually a single decay curve, the beginning 

"point" of which corresponds roughly with the "lower knee," or bend, 

of the profiles of Fig. 10. The velocity gradient and turbulence 

production below the lower knee is greatly reduced, thus allowing 

the decay of the excess turbulence energy to its equilibrium value. 

The open points of Fig. 15 depict the u' distribution for S/H 

= 30 measured at three wall distances behind the second element. 

Higher turbulence levels (than for the single element) are observed 

immedicately behind the element and in the core region, reflecting 

undissipated, diffused upstream turbulence energy. However, the 

curves merge as before and approach single element values at X/H = 

100. 
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The above results can be interpreted to support the following 

model pertaining to the development of a rough-wall flow from an 

initially fully developed smooth-wall flow. The first element of 

a series of discrete equally spaced elements creates an internal 

boundary layer, the thickness of which determines the wall distance 

at any downstream station where turbulence stresses begin to rise. 

The high velocity gradient below this point generates large amounts of 

turbulence energy near the element but diminishes downstream, so 

tha t losses from di ffusion and convection to the core determine a 

max imum turbulence level. Farther downstream the velocity gradients 

are further reduced by radial momentum transport,and decay of turbu- 

lence stress follows. Near the wall the decay proceeds rapidly, by 

virtue of small eddy dissipation, but core decay is much slower and 

turbulence maxima are achieved much farther downstream. 

Reynolds shear stresses are shown as curves in Fig. 16 for the 

single-element wake and as open points for the second-element wake 

with S/H = 30. The stresses are raised to the highest values at y/R 

corresponding roughly to the element height. The region of high stress 

propagates away from the wall, diminishing in magnitude with increasing 

X/H, and the wall region is first to return to the equilibrium distri- 

bution. Equilibrium is nearly attained by 200 element heights 

downstream. 

Subsequent elements create new internal boundary layers which 

grow mbre slowly but have thicker starting values. It is conjec- 

tured that the growth rate may decrease and the starting thickness 

38 



.8 

.6 

5 

1 
R 

!4 

.3 

2 

.I 

0 

X/H SYMBOL 

12 0 
40 + 

200 A 

+ 

Fig. 16 Reynolds Shear Stress Profiles 

39 



increase monotonically with element number. In a flow over a surface 

artificially roughened with repeated-rib roughness, the latter extra- 

polation would imply the development of a "periodic" wall layer, in 

which the rise and fall of turbulence stress is observed, which supplies 

energy by diffusion to a contiguous core of stationary turbulence 

structure. The latter picture is that observed by Siuru and Logan in 

fully developed rough-wall flow. 

Further experiments are necessary to verify the above model and, 

assuming that it can be verified, to determine the effect of element 

spacing and height on the thickness of the periodic wall layer. 
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CHAPTER 7 

CONCLUSIONS 

The present investigation leads to the conclusion that the 

integrated momentum flow close to the surface behind an obstacle can 

be greater than the upstream momentum flow, provided that the exponent 

of the upstream velocity profile is sufficiently high and that the 

boundary layer has been disturbed by upstream obstacles and is not 

in equilibrium. An additional effect is that the rise of turbulence 

level immediately behind the obstacle is also dependent on the 

profile exponent in a disturbed layer. 

The development of Reynolds shear stress and turbulence intensity 

in the wake of an obstacle in a layer disturbed by upstream obstacles 

is shown to depend on the degree of disturbance as indicated by the 

power law exponent and to be contained within the internal boundary 

layer of thickness given by Eq. (9). 

Flow over an obstacle in a disturbed layer is related to the 

smooth-rough wall transition through the model proposed in Chapter 6. 
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